ABSTRACT Simultaneous wireless power and information transmission (WPIT) has attracted considerable attention in the area of wireless power transfer (WPT) technology. This paper proposes a high-bandwidthutilization backward communication WPIT method based on dual-mode differential phase shift keying (DDPSK). By using semi-bridgeless active rectification (S-BAR) with dual-phase mode, the power and data transmission are integrated and controlled independently. Characteristics, including input impedance angle, output power, and efficiency, of the power transmission in the WPIT system, are modeled, and the features of the data channel and transient response are analyzed with different coupling coefficients and loads. The results show the information transmission operating robustly under various conditions without influencing power transmission. Meanwhile, the details about the design of the modulator and the demodulator of the WPIT system are carried out. Owing to the integrated data carrier into the power carrier with the same inductive link without modifying the circuit, the complexity and the cost are reduced significantly. A WPIT experimental prototype is established to verify this method, the data rate reaches up to 100 kb/s with 250-W power transmission, and the bandwidth utilization is as high as 1 bit/Hz.
I. INTRODUCTION
Wireless power transfer (WPT) technology can transmit energy through a relatively large air gap with magnetic coupling. Due to its advantages of non-contact, convenience and maintenance-free, WPT has been widely used in household applications [1] , [2] , electric vehicles (EVs) [3] , implantable medical devices [4] and special applications [5] . For most applications, information exchange between primary side and pick-up side is required to adjust the operating frequency [6] and phase-shift angle, to track the maximum efficiency [7] , [8] or to monitor battery status.
The most common method is using existing commercial radio frequency (RF) links, such as WIFI, Bluetooth [8] , Zigbee, etc. Although this method enables power and data transfer independently, its main drawbacks include incompatibility with each other, requiring a certain amount of time for address matching, and easily being interfered by
The associate editor coordinating the review of this manuscript and approving it for publication was Cheng Qian. a high-frequency electromagnetic field, especially in the high power [9] and movable scenario. Integrating communication module into power module is an effective method to achieve wireless power and information transmission (WPIT). Adding one or two extra coils as antennas on the primary side or pick-up side can realize controllability of data and power transfer independently. Reference [10] employs two pairs of orthogonal coils to achieve bidirectional data transmission. Zhou Yan et al. adopts an auxiliary coil at pick-up side based on the triangular [11] or trapezoidal [12] current waveform. However, there exists cross-coupling between coils, which would decrease the signal to noise ratio (SNR) [13] and increase system cost and volume. In [14] , data are modulated and transferred via high-frequency electric field generated by metal shield plates. However, not all applications contains a metal structure.
Compared with the previous two kinds of methods, using the same inductive link is a more promising method. This method is roughly divided into three ways of implementation. 1) the carrier frequency of the signal is set to more than ten times the power carrier signal and then injected into the path of power transmission [15] . The modulated signal is extracted from primary or pick-up side by using an additional resonant circuit [16] . The advantages of this implementation are that data transfer has little impact on the power transmission and the data rate of signal can be designed higher than the frequency of power carrier. However, the injected data signal could be overwhelmed by the strong power carrier [17] , and the additional resonant circuit also leads to large device size, which is undesirable for limited space. 2) utilizing the characteristic of dual resonance or frequency splitting [18] of the compensation circuit [19] is another way to achieve WPIT. By properly designing compensation topologies, this implementation eliminates the requirement for additional circuits and achieves maximum efficient tracking. However, the techniques using these methods have two major disadvantages. One is that the frequency shift keying (FSK) modulation used for forward or backward communication does not fully utilize the operating frequency of the power carrier [20] , and the data rate is limited by the power carrier. The other is that the compensation circuits need to be carefully designed to keep output power stable. Therefore, this leads to the complexity of compensation circuits, and the interoperation of WPIT system is deteriorated. 3) the implementation of WPIT can also be achieved by changing the state of power converter. In [21] , a quasi-resonant flyback converter with internal supply data communication using multiplexing mode is proposed. However, this method is only applicable when the coupling coefficient is fixed. In [22] , bidirectional data transfer is achieved by changing the operating frequency of flyback converter on the primary side and the duty cycle of buck converter on the pick-up side. However, changing the state of the converter in a single degree freedom results in its power transfer characteristics deviating from its operating point desired initially [23] .
As mentioned above, adding external coils or resonant circuits for communication module would increase the complexity of circuit, and the cost of the WPT system. The transmitted power is seriously affected by changing the state of power converter in single degree freedom. To overcome these shortcomings, a WPIT system based on dual-mode differential phase shift keying (DDPSK) method is proposed in this paper. The semi-bridgeless active rectification (S-BAR) with dual-phase working modes provides symmetrical power transfer characteristic, and the operating frequency of the power carrier is fully utilized. The proposed DDPSK-WPIT has several advantages compared with previous methods: 1) the system structure is simple, and no extra coils and resonant circuit is required. 2) the power stage and communication stage on the pick up side are integrated and controlled separately. 3) the frequency of the power carrier is fully utilized, and the maximum data rate is equal to the operating frequency. 4) the robustness of data transfer can be guaranteed under different coupling coefficients and loads.
The remainder of this paper is organized as follows. In Section II, the system structure is introduced briefly, and characteristics of an equivalent circuit are analyzed. In Section III, the principle and power transmission of dual-phase working modes of S-BAR are discussed. In Section IV, the communication stage including modulation and demodulation modules is carefully elaborated. In Section V, an experimental prototype is constructed, and the performance of DDPSK-WPIT system is validated by experimental results and compared with previous references. Finally, the conclusion is drawn in Section VI.
II. PROPOSAL OF WPIT BASED ON DDSK MODULATION
A. SYSTEM SCHEME Figure 1 shows the overall scheme of the proposed DDSK-WPIT system. According to its functionalities, this system can be divided into three stages: power stage, communication stage, and control stage. The power stage consists of an input voltage source V DC , a high-frequency full-bridge inverter, a pair of couplers, compensation networks, an S-BAR, a DC filter capacitor C D , and a load R L . Compared with traditional passive rectifier, the power switches of S-BAR in low sides are constructed by two MOSFETs (Q 1 and Q 2 ) that serve as active components while D 1 
B. CIRCUIT ANALYSIS
For compensation circuit, there are four basic topologies, series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP). Despite topologies above, the proposed DDPSK method is also applicable to hybrid topologies, such as LCC [24] , CLC [25] , etc. In this paper, SS topology is selected for three reasons [26] . 1) compared with the hybrid compensation topologies, SS topology requires fewer components and power loss in resonant tank is less; 2) the input impedance angle and resonant frequency are independent of coupling coefficient and load when WPT system operates under resonant conditions, which is beneficial for DDPSK modulation; 3) its output has current source characteristic, which facilitates S-BAR operating in the switching mode. When the WPIT system works under resonant condition, the operating angular frequency ω of the inverter is given as
For simplicity, the mutual inductance model of SS topology is employed, as shown in Figure 2 . According to Kirchhoff's voltage law (KVL), the following equations are obtained.
where V p is the sinusoidal voltage source based on fundamental harmonic analysis (FHA) [27] , I p and I s are phasor currents of primary side coil and pick-up side coil, respectively; Z p is the equivalent impedance of the primary side, Z s is the equivalent impedance of the pick-up side, and M is the coupling inductance between the primary side and pick-up side.
According to circuit analysis, the impedance of primary and pick-up sides can be expressed as
where Z eq = jX e + R e . Z eq is the equivalent impedance of pick-up side while X e and R e are its imaginary and real part respectively. To evaluate the performance of WPT system comprehensively, the equivalent series resistor (ESR) of coils (R p and R s ) should be considered. Substituting (1) and (3) into (2), the currents of coil in primary and pick-up sides can be deduced as The input impedance angle of the primary side is critical for DDPSK communication, so it is necessary to investigate the input impedance Z in and input impedance angle θ in . According to (4), Z in can be derived as
The real and imaginary parts of (5) are given as
The input impedance angle θ in can be derived by the ratio of (Z in ) and (Z in )
From (7), the following two findings can be made: 1) the opposite impedance characteristic exists between primary and pick-up side. For example, X e >0 indicates that the impedance of pick-up side is inductive while capacitive on the primary side; X e <0 indicates that impedance of pick-up side is capacitive while inductive on the primary side. 2) the absolute values of θ in caused by the same amplitude of capacitance and inductance are identical, and can be given as
From (7) and (8), |θ in | is a function of ω, M , X e , and R e . Obviously, |θ in | increases with ω or M increase. For a designed WPT system, the operating frequency is usually constrained by Qi or SAE J2954 standard, and M is a constant value when the distance of coils is fixed. Base on the related parameters listed in TABLE 1, the relationship among |θ in |, X e , and R e is obtained in Figure 3 . It can be seen that |θ in | 85562 VOLUME 7, 2019 has a symmetrical characteristic, which means that |θ in | are identical when the absolute values of X e in capacitive mode and inductive mode are equal. When R e is determined, |θ in | is almost proportional to the absolute value of X e .
III. DUAL-PHASE MODES AND CHARACTERISTICS OF S-BAR A. THE WORKING PRINCIPLE OF S-BAR
As discussed above, if a power converter can provide the identical amplitudes of capacitance and inductance, the same power transfer characteristics can be guaranteed during the communication process. Traditional passive rectifier does not have the degree of freedom to adjust output power in natural commutation mode. Although full-bridge rectifier has multiple freedom for regulation, this kind of power converter requires more MOSFETs and a complex driving circuit. Based on the comparison above, the S-BAR is selected to meet the requirement of communication and power regulation. In this section, the working principles are introduced and discussed. According to the relationship of phase between voltage and resonant current on the pick-up side, there are three possible working modes for S-BAR: capacitive, inductive and resistive modes. Taking the capacitive mode as an example to analyze the behavior of S-BAR, one switching cycle can be divided into the following steps:
Step A: This interval begins when the current i s crosses zero towards positive polarity. As shown in Figure4(a), MOSFETs Q 1 and Q 2 are turned on while diodes D 1 and D 2 are turned off. The resonant current passes through Q 1 and Q 2 , and there is a circular current in the resonant tank. The load R L gets energy from C D .
Step B: The positive polarity resonant current passes through D 1 , Q 2 and its antiparallel diode to R L and C D , as shown in Figure4(b). The D 2 and Q 1 are turned off during this interval. It should be noted that the simultaneous conduction of Q 2 and its antiparallel diode is beneficial to reducing power loss.
Step C: This interval starts with negative polarity resonant current, as shown in Figure4(c). Like Step A, Q 1 and Q 2 are turned on, D 1 and D 2 are turned off.
Step D: The negative polarity resonant current pass through V rec stands for the voltage after resonant tank, the shift-phase ϕ represents a phase difference between the first-harmonic components of V rec and i s . The conduction angle is defined as β; when β is positive, power is allowed to transfer from the resonant tank to load. When S-BAR works in inductive mode, the order of working sequence is B → A → D → C, as shown in Figure5(b). For the proposed DDPSK communication system, its essence is the combination of the two working modes above. When the S-BAR works in capacitive mode, which means that the bit ''1'' is sent. When the S-BAR works in inductive mode, which means that the bit ''0'' is sent. Taking the typical bit sequence ''1010'' as an example, its corresponding waveforms are shown in Figure5(c). To avoid the influence of communication system on the transmission of energy, a coherent phase shift is required, and the relationship between ϕ and β must meet the following equations.
During one operating period in capacitive mode, V rec has three possible stages [28] and are expressed as
where V o is the maximum value of V rec and is equal to the output voltage on the load.
B. CHARACTERISTICS OF POWER TRANSMISSION IN DUAL MODES
Before analyzing the characteristics of power transmission, some assumptions need to be made. Both MOSFETs and diodes are ideal, and C D is large enough to keep output voltage and current constant. Although V rec of S-BAR is a square waveform, and only the fundamental component is taken into account. Its root mean square (RMS) value is given as
The pick-up side current I s is supposed to be a constant value, and the RMS value of I o can be given as
Therefore, the output voltage V o on the load is
Substituting (13) into (11), and taking ratio of (11) and (12), the equivalent impedance seen before the S-BAR is
The real part and imaginary parts of Z eq can be calculated as
Substituting (9) into (15), it is obvious that R e (ϕ) = R e (−ϕ) The output power P out can be expressed as
The absolute values of resonant current in pick-up side are almost identical in capacitive and inductive modes, |I s (ϕ)| = |I s (−ϕ)|. From (12), (16) , and (17), the following equation is obtained.
As can be seen from (18), power transfer characteristics are identical in capacitive and inductive modes, which means that the dual-phase working modes of S-BAR can provide stable power transfer characteristics during the communication process.
IV. METHOD AND IMPLEMENT OF THE INFORMATION TRANSMISSION
For the data channel of communication stage, |θ in | is the key parameter to determine the performance of WPIT system. In Section II, |θ in | is calculated and discussed under the equivalent circuit, but the effects of S-BAR are not considered.
From (7), (9) and (15), |θ in | is determined by three factors: M , R L , and β. When the distance of coils is fixed, the M keeps constant. Assuming that R L variates from 0 to 20 and β variates from 0 • to 180 • (π), and M is fixed at 10 µH (k=0.2), the relationship among |θ in |, R L and β is obtained in Figure 6 . It can be seen that |θ in | would increase with the increase of R L and decrease of β, and the maximum value ( |θ in | = 72 • ) occurs at β ≈ 20 • . To ensure that the transmitted data can be recovered correctly in the demodulator, the operating area ( |θ in | > 10 • ) of β marked with red line ranges from 10 • to 160 • , which is large enough for a current sensor to distinguish the phase difference and for a controller to regulate output power. 
A. MODULATOR SYSTEM DESIGN
The signal synchronization circuit plays an essential role in data modulation and output power regulation. As shown in Figure 7 , i s captured by a current sensor. A bandpass filter (BPF) is adopted to eliminate high-frequency noise mainly caused by the switching of power converter. Before the signal passes through the zero-detection circuit, a phase correction is required to compensate phase delay generated by current sensor and BPF. The implementation of current sensor, BPF, and zero-crossing detection are realized by analog circuit while FPGA controller calculates phase correction.
The structure of the modulation system is depicted in Figure 8 . The workflow of the modulator is described as follows. First, conduction angle β is calculated from the control block according to the desired voltage or current, then two opposite shift phase angles (ϕ and −ϕ) are obtained from (9) . A data selector is employed to determine shift angles in terms of a data sequence s(t). When bit ''0'' needs to be sent, the data selector switches to ϕ. When bit ''1'' needs to be sent, the data selector switches to −ϕ. In order to ensure that the phase information is written into the pulse generator module at the moment of secondary current I s is crossing zero, and a synchronization signal is required. As discussed in Section III, S-BAR should work in the conditions of dual-phase modes. When the WPIT system does not need communication or the transmitted bit is ''0'', the shift phase angle is ϕ, and the S-BAR works in inductive mode. Likewise, the S-BAR works in capacitive mode when the transmitted bit is ''1'', and the shift phase angle is −ϕ.
The temporal expression of the data carrier sequence in Figure 8 is
Substituting (19) into (20) , the following equation is obtained. e 2psk (t) = n a n g(t − nT s ) cos (ωt + ϕ)
where g(t − nT s ) strands for a data sequence, T s is the switching period of power inverter, a n is the transmitted bit ''1'', andā n is the transmitted bit ''0'', respectively. 
B. DESIGN OF DEMODULATOR SYSTEM
In practice, it is almost impossible to maintain an SS compensated WPT at resonance point because the self-inductance of coils would drift from its normal value and tolerance of components exists in a WPT system. The demodulation circuit should be designed to adapt to the situations above. Conventional DDPSK [29] demodulation system needs a phase-locked loop (PLL) for data recovering, which would increase the complexity of system. In this section, a simple and effective DDPSK method is employed, which not only avoids the utilization of PLL and synchronous circuits but also can eliminate phase delay caused by resonant tank. The schematic diagram of the DDPSK demodulator is illustrated in Figure 9 . In Figure 9 (a), the working flow of the demodulator is described as follows. First, the primary current i p is captured by a high frequency current sensor and passes through a low pass filter (LPF). The digital counter is used to measure the period T s of i p , which is represented by the C n . Two data registers are cascaded to store the value of current counter C n and the previous value of counter C n−1 . Then a digital comparator is utilized to compare the obtained two values. If C n is bigger than C n−1 , the dual-input data selector chooses C n − C n−1 and then compared it with the value cnt that is a threshold value. The cnt can be considered as a minimum phase resolution which is proportional to θ . Increasing cnt would enhance the data quality and be beneficial for the demodulator on the primary side to decode signal. However, the increase of cnt would narrow β, so there should be a tradeoff between the control module and data transfer block. The demodulator distinguishes bit ''1'' and bit ''0'' based on the following criterion.
Additionally, the counter has a high-speed clock source, and the higher its frequency is, the more accurate phase difference of the demodulator will be. The value of the digital counter is cleared at the falling edge of each current signal and then be triggered for the next counting cycle. To further describe the working principle of the demodulator, Figure 9 (b) shows the waveforms of primary voltage V p and current i p at a typical bit sequence ''1010''. Although the phase of V p is fixed by driving signals, the phase of i p variates in terms of different bits. Because of the time delay in the demodulator, it at least costs three operating cycles to keep the pace of transmitted data. 
C. ANALYSIS OF TRANSIENT RESPONSE TIME
In order to improve data rate in the proposed DDPSK-WPIT system, the transient response time should be designed as small as possible. As discussed before, the shifting of inductive and capacitive mode can be regarded as a switching process of circuit, and its equivalent transient circuit is shown in Figure 10 . When bit ''0'' is to be sent, the switch S changes from −X e to X e . When bit ''1'' is to be sent, the switch S changes from X e to −X e . Here, X e can be represented by an equivalent inductor L e , and its value is determined by L e = X e /ω. Similarly, the equivalent capacitance value is determined by C e = 1/(ωX e ). Ignoring the effects of harmonics components, the voltage and current of the circuit in transient state can be expressed as 
Converting (24) into Laplace form, the following equations are obtained.
Solving (25), the general expression for I p,i (s) is written as
where (27) After inverse Laplace transform, the transient value of the primary current in inductive mode is
Similarly, when S-BAR works in capacitive mode, the transient value of the primary current is given as
Since the communication mode is based on DDPSK, it is necessary to describe the change of current during the communication process. The change of current i p1 in the primary side is caused by shifting from inductive mode to capacitive mode; the change of current i p2 in the primary side is caused by shifting from capacitive mode to inductive mode. i p1 and i p2 can be expressed as
85566 VOLUME 7, 2019 Once a WPIT system is designed, its self-inductances L p (L s ), compensated capacitances C p (C s ) are determined, whereas the M and R L may change with the position of coils and the state of battery. In order to evaluate the impact of M and R L on the performance of communication system, the conduction angle is set at β = π/4. Due to the equality of impedance amplitudes in inductive and capacitive modes, i p1 and i p2 can be replaced by i p . Other parameters are listed in TABLE 1.
There are two factors to determine the performance of communication. The first one is the initial time current fluctuation, which affects data rate; the second one is long time current fluctuation, which affects the stability of bit sequence. When the load resistance R L is fixed, the increase of M will enhance the stability of bit sequence but will decrease the data rate, as shown in Figure 11(a) . When the M is fixed, the increase of R L will deteriorate the stability of bit sequence but will increase the data rate, as shown in Figure 11(b) . It also can be seen that phase delay and variation of current amplitude in the first four cycles can be ignored, which means that the maximum data rate is equal to operating frequency of WPIT system.
D. THE IMPACT OF DATA COMMUNICATION ON SYSTEM EFFICIENCY
As discussed in Section III, the input impedance of WPIT system is affected when the working modes of S-BAR changes, it is necessary to estimate system efficiency under the conditions with and without data communication. Ignoring on-resistance of MOSFETs and internal resistance of diodes, the overall efficiency of the system is given as Substituting (16) into (31), it can be seen that η(ϕ) = η(−ϕ), suggesting that the system efficiency is identical in capacitive and inductive modes. By using the parameters tabulated in TABLE 1, the system efficiency against R e and X e is plotted in Figure 12 . It can be seen that there exists a maximum efficiency at X e = 0 and a specified value of R e . With the increase of X e , the system efficiency η would drop slightly. To render the WPT system works in high efficiency (η > 0.9) condition, a recommended operating area is marked as a black region.
During the communication process, the average efficiency η average of the DDPSK-WPIT system is expressed as
where a n η(−ϕ) is the system efficiency during transmitting ''1'', andā n η(ϕ) is the efficiency during transmitting ''0''. When the WPIT system operates without communication, it is equal to the state of transmitting ''0''. Therefore, the probability of bit ''0'' is greater than bit ''1'' and the entire system efficiency can be regarded as η(ϕ).
V. EXPERIMENT
Based on the analysis above, a 250 W experimental prototype has been implemented to verify the performance of proposed DDPSK-WPIT system. The experimental prototype is shown in Figure 13 , and the related parameters are listed in TABLE 2. Notably, the proposed DDPSK method is regardless of power level, and the power capacity of prototype can be scaled down/up according to practical power demand. The modulator and output controller are integrated and implemented through FPGA (EP4CE6E22CBN), and external AD converter (AD7606) samples output voltage V o and current I o . Four driving signals for power inverter and demodulator are generated by another FPGA. The currents i p and i s are measured by high frequency current sensors (CS 1 and CS 2 ). The value of load resistance is adjusted by an electronic load at pick-up side. The full-bridge inverter is configured by four n-channel power MOSFETs (IXFB120N50P2), while the S-BAR is constructed by two power MOSFETs (IRFP250N) for the low side switches (Q 1 and Q 2 ) and two power diodes (DSEI120-06A) for the high side. The coupler in the experimental system is symmetric, so the parameters of primary and secondary coils are identical. The coils are wound with a 350-strands AWG-38 copper litz wire, and the FIGURE 12. The system efficiency η against R e and X e . number of turns is 14. The diameter of pads is 170mm. Six ferrite bars are employed and fixed by a flat plate for coupling enhancement, reluctance reduction, and flux guidance. Figure 14 (a) shows the measured waveforms of V p , i p , V rec , and i s at the distance of 80 mm, where the mutual inductance is 10 µH (k = 0.2). The S-BAR operates alternately in inductive and capacitive modes, which stands for the bit sequence ''0101. . .'' is sent from the designed demodulator. It can be seen that when the S-BAR works in capacitive mode, the output characteristics of power inverter presents an inductive state and vice versa, which is consistent with the previous theoretical analysis in Section II. In Figure 14 (b), another data type ''100100'' is sent at the same distance and load resistance.
A. EXPERIMENTAL RESULTS OF THE DATA TRANSMISSION
The robustness of communication stage at different distance and loads is tested, and the worst condition is chosen at k = 0.1 and R L = 30 . The bit sequence ''01001010'' is sent to the pick-up side (Data in) and demodulated successfully from the primary side (Data out), as shown in Figure 14(c) .
The maximum data rate is equal to the frequency of power carrier, and the bandwidth utilization is 1bit/Hz. Although the amplitude of primary current i p changes during data transmission, its average value keeps the same during the communication process. It should be noted that the data transfer delay time is 30 µS (three operating cycles), which is consistent with section IV.
In order to verify the interaction between the communication stage and the control stage, the controllability of output current I o for S-BAR is tested, as shown in Figure 14(d) . The initial reference current I ref is set to 5.8 A and then set to 0.5 A at 0.2 s. After 180 µs of adjustment time, the output current is stable at 0.5 A, which means that the impact of communication stage on the control stage can be ignored.
In practice, the input voltage on power inverter and the load resistance on the pick-up side would change, so it is necessary to investigate whether the communication stage can work well in both conditions. When the input voltage rises from 65 V to 105 V, the waveforms of transmitted data and demodulated data are captured, as shown in Figure 14 (e). It can be seen that there always exists one error bit. However, a parity or sum check method can be employed to detect this error bit. When load resistance shifts from 20 to 30 , the voltage before S-BAR and data signals are measured, as shown in Figure 14 (f). It can be seen that the sudden change in load resistance does not affect the communication stage. Since the filter capacitor is parallelly connected with the load and can smooth the output voltage while the SS compensation circuit has a constant current characteristic. Therefore, the demodulator can successfully recover the data signal.
B. POWER TRANSFER CHARACTERISTICS WITH AND WITHOUT DATA TRANSMISSION
The output voltage V out is tested under different conduction angles β, fixed coupling inductance M = 10 µH, and fixed load resistance R L = 20 , as shown in Figure 15 . Under the same β, V out is approximately 2% higher than that without data communication, which is acceptable in practice.
The coupling inductance between the coils and load resistance both affect the system efficiency. As shown in equation (31) , the system efficiency is more sensitive to coupling inductance. Therefore, The system efficiency η is evaluated under fixed conduction angle β = π/4 and fixed resistance R L = 15 . When the distance of coils ranges from 30 mm to 90 mm, the coupling inductance variates from 20 µH to 5 µH. Figure 16 shows η in four cases: inductive mode, capacitive mode, with communication, and without communication. When the WPIT system works in capacitive mode, it is 2%-3% lower than the inductive mode, for the filter capacitor C D increases overall capacitance on the pick-up side. When the WPIT system is in the state of no communication, η increases by 3% and 1% compared with the capacitive mode and the inductive mode, respectively; while in the communication mode, η is between the capacitive mode and the inductive mode. This gap is gradually reduced with the increase of distance. The two groups of experimental results above indicate that the influence of communication stage on characteristics of power transmission is negligible, which is consistent with the previous theoretical analysis.
C. COMPARISON WITH PREVIOUS WPIT SYSTEM
In order to show the superiority of the proposed DDPSK method, the performances of communication have been compared with previous WPIT system, as shown in TABLE 3. It should be noted that different receivers have different data rate requirements; the WPIT system designed in this paper aims at medium power and low power scenarios in which data rate is generally greater than 20 kbps. Compared with FSK and FDM methods, the PSK method is more suitable for high-speed communication applications. Regarding the load shift keying (LSK) method, its principle is to change the equivalent resistance on pick-up side [32] and even to short resonant circuit [23] to achieve backward communication. Compared with LSK method, the DDPSK method is to shift the working mode of the S-BAR so that the pick-up side is in an inductive or capacitive operating state; meanwhile, the equivalent resistance remains unchanged.
Therefore, stable power transmission is guaranteed during the communication process. This paper focuses on the ratio of data rate to carrier frequency, and we define the bandwidth utilization as
Due to the constraint of modulation method, the λ in [31] and [10] is limited to 0.1. It can be concluded that the proposed DDPSK-WPIT system requires neither additional communication coils nor external resonant circuits, and the bandwidth utilization is as high as 1 bit/Hz.
VI. CONCLUSION
For a well-designed WPT system, the requirement for information exchange between the primary and pick-up side is of significance. This paper proposed a new wireless power and information transmission based on DDPSK via dual-phase working modes of S-BAR. By using the same physical inductive link and power carrier, external coils and resonant circuits serving as communication components can be eliminated. Theoretical analysis shows that the S-BAR can provide stable power transmission during the communication process. The modulator and demodulator enable the data rate to reach up to 100 kbps; the bandwidth utilization is as high as 1 bit/Hz. A 250W experimental prototype has been built. The results demonstrate that robust communication can be guaranteed under different coupling coefficients and loads.
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